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ABSTRACT
The thermoelectric (TE) devices are based on the Seebeck and Peltier effects, which
describe the conversion between temperature gradient and electricity. The effectiveness
of the material performance can be described by its figure of merit, ZT, which is defined
as ZT = T , where a is the Seebeck coefficient of the material, a is the electrical
conductivity and K is the total thermal conductivity, and T is the temperature.
In the past, TE power generation has been confined to niche applications. It has been
technically and economically more efficient to produce electricity using traditional
generators rather than a thermoelectric generator. However, recent significant advances in
the scientific understanding of quantum well and nanostructure effects on TE materials
properties and modem thin layer and nanoscale manufacturing technologies have
combined to create advanced TE materials with high figure of merit (>3).
An engineering analysis performed in this study identified large scale waste heat recovery
opportunities that are suitable for advanced TE power generation systems.
Thesis Supervisor: Harry L. Tuller
Title: Professor of Ceramics and Electronic Materials
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Chapter 1 Introduction
1.1 Background
The thermoelectric (TE) effect, as defined by the thermoelectric power or Seebeck Effect,
relates the imposition of a temperature gradient across a specimen and the corresponding
induced electric voltage. Alternatively, a temperature difference can be induced across a
specimen when a current is passed through it (Peltier Effect). Thus TEs can be used to
generate electricity, to measure temperatures, and to cool and heat objects.
Thermoelectric materials have been actively studied in recent years with respect to power
generation applications. Given that the efficiency of a heat engine is normally less than
40%, if the waste heat could be converted into electricity through TE devices, the overall
efficiency would be considerably increased, leading to potentially billions of dollars
saved annually. Recovering waste heat is financially sound when practical and economic
recovery technologies are available and an identifiable use for the recovered energy is
readily available. Waste heat can be recovered either by exchanging the energy with other
materials or fluids (such as in heat exchangers and recuperators), or by converting to
another form of energy (e.g. thermal to electric).
This technology is based on the theory of the Seebeck effect, which states that a voltage
is generated when a temperature difference is established across a thermoelectric material.
Charges, carried by the majority electrons or holes, thermally diffuse from the hot to the
cold side thereby creating an electric field. Under open circuit condition, the diffusion
current is then balanced by an equal and opposite drift current. As a result, the
thermoelectric material can convert thermal into electrical energy.
Thermoelectrics have no moving parts, so they require little or no maintenance and do
not generate mechanical vibrations. TE devices are also silent and potentially reliable.
Operating in the Peltier mode, the same thermoelectric system can perform both cooling
and heating by simply change in the polarity of the power supply. Precise temperature
control up to 0.1 C can be achieved when a TE device is mounted with the appropriate
electronic circuitry. TE coolers contain no chlorofluocarbons (compared to most
compressor-based refrigerators) or other materials which are environmentally harmful
and may require periodic replenishment. They are not orientation-dependent and can
function in environments that are too severe or too confined to allow the use of
conventional refrigeration systems.
1.2 Applications
Temperature gradients, sometimes large, are a consequence of local heat generation
resulting from many sources including fuel combustion, chemicals and metals processing,
friction, geothermal and biological processes. These gradients exists over wide limits
from -2000 C to 20000 C, for instance, water/steam boilers (150" C), aluminum smelting
(9600 C), aluminum melting (7500 C), glass oxy-fuel furnace (14250 C), glass regenerative
furnace (4800 C); more information is shown in Table 1.
Conventionally the heat-to-electricity conversion efficiency of typical TE systems can
only achieve around 2% to 6%, far less than a standard internal combustion engine (35%).
In the past, it has been technically and economically more energy efficient for large-scale
industrial settings to employ traditional heating and cooling systems rather than
thermoelectric ones. Likewise, it was always more efficient to produce electricity using
traditional generators rather than thermoelectric generator. As a consequence, TE power
generation has been confined to niche applications. Large scale commercial development
of TE for alternative energy production has not been economically viable due to the
relatively low efficiency and high cost of TE materials currently available. With the
advent of the newly discovered advanced TE materials, this situation appears to be
changing rapidly.
TE devices have several advantages such as long lifetime and no mechanical fatigue
given that there are no moving parts. This makes them suitable for space mission power
applications, remote applications, and waste heat recovery. Where microwatt or milliwatt
power levels are sufficient, TE devices can be used to harvest the temperature difference
between the body and ambient in devices such as the wrist watch.
Although, currently the application of TE devices is limited to niche market, numerous
companies are involved in manufacturing these devices, attesting to their commercial
value (refer to Appendix). Using TE devices to recover industrial waste heat will require
more robust and thermally efficient devices, and significant engineering to configure
these devices to provide the heat transfer and power output required in industrial
applications. In this project, we concentrate instead on TE materials for use in large scale
power generation.
1.3 Opportunities
Major advances have been made in recent years in the performance, efficiency and cost
of thermoelectric devices for cooling, heating, and power generation. These advances
have given thermoelectrics, along with efficient thermal management systems, the
potential to play a key role in the next wave of advances in the energy industry. TE
materials available prior to about 1995 produced thermal to electric conversion
efficiencies in the 2% to 6% range and were only used in niche applications. However,
recent significant advances in the scientific understanding of quantum well and
nanostructure effects on TE properties and modem thin layer and nanoscale
manufacturing technologies have combined to create advanced TE materials with
potential conversion efficiencies of over 15%. The advent of these advanced TE materials
offers new opportunities to recover waste heat more efficiently and economically with
highly reliable and relatively passive systems.
Thermoelectric materials offer several opportunities for economic recovery of low-grade
thermal energy, thus increasing overall operation efficiency. An increase in TE energy
conversion efficiency of even a few percent, in power production, would potentially
translate into large savings of fossil fuels. For terrestrial applications, energy recovery in
industrial processes has major economic prospects. Cars, as an example, lose about one
third of the energy directly as heat in the exhaust, a part of which can be recovered with
an efficient TE device and converted to useable electricity resulting in an overall
improvement in vehicle operation economy and a positive impact on CO2 emissions. This
application alone could be worth several billions worth of products per year. There is also
an enormous potential in the world market in cooling applications, varying from water
coolers, air-conditioners to applications in space for both cooling and power generation
systems. For space applications, satellites, and spacecrafts, TEs are indispensible power
generators that constitute very high value products.
Roughly a third of the energy consumed by the US manufacturing industry is discharged
as thermal losses to the atmosphere or cooling systems. These discharges are the result of
process inefficiencies and the inability of the manufacturing plants to utilize the excess
energy. This lost or waste energy is estimated to be over 1019J/yr, an amount equivalent
to more than 1.72 billion barrels of oil. Most of this lost energy is low quality and not
practical or economical to recover. A portion of the waste heat, as much as 1.9x10'8 J/yr,
[1] is considered to be an opportunity for waste heat recovery.
Chapter 2 Working principles
2.1 Seebeck effect
The Seebeck effect, which relates to the conversion of an imposed temperature gradient
across a conductive specimen into electricity, was discovered by Seebeck in 1821. When
a temperature difference is established between the hot and cold ends of a TE material, a
voltage is generated, this voltage is the Seebeck voltage, and this effect is known as the
Seebeck effect. The Seebeck coefficient, or thermopower, is the ratio of the electric field
dV
and the temperature gradient, given by a =- . The sign of the thermopower, measureddT
at the cold end, is the same as the sign of the majority carriers, i.e. positive for p-type
materials and negative for n-type materials, and the voltage created is of the order of
microvolts per degree difference. Values in the hundreds of microV/K, negative or
positive, are typical for good thermoelectric materials.
Power-Generation Mode
Figure 1 Seebeck effect
As illustrated in Figure 1, an applied temperature difference causes charged carriers in the
material, whether they are electrons or holes, to diffuse from the hot to the cold side,
similar to a classical gas that expands when heated. Mobile charged carriers migrating to
the cold side leave behind their oppositely charged and immobile nuclei at the hot side
thus giving rise to a thermoelectric voltage. Since a separation of charges also creates an
electric potential, the buildup of charged carriers onto the cold side eventually ceases at
some characteristic value once there exists an equal number of charged carriers drifting
back to the hot side as a result of the generated electric field at equilibrium. Only an
increase in the temperature difference can resume a buildup of more charge carriers on
the cold side and thus lead to an increase in the thermoelectric voltage. Incidentally the
thermopower is a measure of the entropy per charge carrier in the material.
The thermopower is an important material parameter that determines the efficiency of a
thermoelectric material. The thermopower of a material depends on the material's
temperature and crystal structure. Typically metals have small thermopower because
most have half-filled bands. Electrons and holes both contribute to the induced
thermoelectric voltage thus canceling each other's contribution to that voltage and
making it small. In contrast, semiconductors can be doped with an excess amount of
electrons or holes and thus can have large positive or negative values of thermopower
depending on the charge of the excess carriers. Superconductors have zero thermopower
since the charged carriers produce no entropy. The sign of the thermopower can be used
to identify which charge carriers dominate the electric transport.
The Seebeck effect is commonly used in a device called a thermocouple which is made
from a coupling or a junction of materials, to measure a temperature difference directly or
to measure an absolute temperature by setting one end to a known temperature. Several
thermocouples when connected in series are called a thermopile, which is constructed in
order to increase the output voltage since the voltage induced over each individual couple
is small.
The net heat generation rate is given by QH = KAT + (a, - a)ITH - I 2R,2] where
a, is the Seebeck coefficient of the p-leg material, an is the Seebeck coefficient of the
n-leg material, I is the current, TH and Tc are the temperature of the hot and cold junction
respectively, AT = TH -Tc, K •A, + A is the thermal conductance in parallel,
LL LL
R = + L is the electrical resistance in series, with K, and K p the thermal
AP An
conductivities of the n-leg and p-leg respectively, L and A the length and cross sectional
area of each leg, p the electrical resistivity.
The useful electrical power is W =[ (p )(TH ]2RL, where RL is the load
RL +R
resistance. The coefficient of performance is given by r = , which is
QH
TH C 1 + Zc T, -1 (a, -an) 2  TH TCS TH x , with Zc = The Carnot limit = TT l+Zc T+T R@K r,
TH
will be the highest efficiency permitted by thermodynamics as for any heat engine. For an
optimized geometry for which Zc , the Z of the couple, is maximized,
(a% -a+)2 a aZc = t -,)2 )/12 . The figure of merit of a material is defined as Z =K[(t pp) + (Kp,)1/, 2
The dimension of this Z is the inverse of temperature, ZT=Z (Tc+TH)/2. Z is a
dimensionless figure which is a good indicator of material's performance.
2.2 Peltier effect
The Peltier effect, discovered by Peltier in 1834, describes the conversion of electricity
into a temperature gradient. As shown in Figure 2, when a current is made to flow
through the circuit, the electrons go from a low energy level in the p-type material to a
higher energy level in the n-type material. They gain energy by absorbing heat at the
conductor interconnect between the two legs thereby reducing the temperature (Tc) of
this interconnect. Heat is rejected at the other end of the legs when the electrons return to
a lower energy level and dissipated in a heat sink. The temperature TH Of this other
junction increases. Thus, thermoelectric devices powered with electricity can be used for
cooling or heating applications, by simply changing the current direction.
F I
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Figure 2 Peltier effect
The heat absorbed at the cold junction is equal to Q = p,I where Ppn is the Peltier
coefficient of the entire thermocouple. The Peltier coefficient represents how much heat
current is carried per unit charge through a given material. Since charge current must be
continuous across a junction, the associated heat flow will develop a discontinuity if p for
each material in the thermocouple differs. This causes a non-zero divergence at the
junction and so heat must accumulate or deplete there, depending on the sign of the
current. Another way to understand how this effect could cool a junction is to note that
when electrons flow from a region of high density to a region of low density, they expand
and cool. P-type material typically has a positive Peltier coefficient, and n-type material
is typically negative.
Ideally, the amount of heat absorbed at the cold end would equal the heat rejected at the
hot end. However, two effects reduce the efficiency of this heat transfer--conducted heat
in the leg and Joule heating. Heat diffuses from the hot side to the cold side when there is
a temperature difference between the two sides. Joule heating occurs as current is running
through the material and energy is dissipated at a rate that is proportional to the square of
the current. This phenomenon can eventually become the dominant factor. A point is
reached at which further increase in current results in less net cooling. The individual
couples can be connected in series to enhance the effect.
The net cooling power is Qc = -KAT+(a, -a~,)ITc - I2R, the electrical power is2
W=(a, -a)ITc +IR, [3] the coefficient of performance is q= , which can be
maximized by running the current at I= )( - , so the maximum COP is
R( + ZcTT -1)
-+ Zc T TC
T T w (cta - a)2
77 C X ,with Z= . It is important to notice that the
TH - Tc 1+ZcT~, +1 R*K
thermoelectrics do not remove heat in the overall system. On the contrary, they add heat
because of the Joule heating which occurs when a current is running through the material.
Instead, TE coolers move heat from one extremity to the other. The higher the Seebeck
coefficients, the higher the pumping rate; the higher the electrical conductivities, the
lower the Joule heating and thus the better cooling.
2.3 TE modules
TE modules can consist of an array of several to hundreds of p-type and n-type
thermocouples joined together electrically in series and thermally in parallel. They are
typically standardized to provide specific outputs. The TE elements can be embedded in
electrically insulating materials to maintain their spacing and the module can be covered
in other materials to protect it from its operating environment. The coefficient of thermal
expansion of the various internal materials must be considered in the design of a module
since internal stresses within the module generated during assembly and thermal cycling
during use can lead to failure of the module. Interdiffusion of connection materials and
interface materials are also important considerations and can lead to module failure.
Therefore, effective diffusion barriers and coating are required to minimize or eliminate
these effects and their impact on failure rates.
Modules can be further interconnected, in combinations of parallel or series, to create
larger assemblies that provide a specific output and geometric products. Current and
voltage characteristics are driven by the number of couples, TE materials, nature of the
circuit connections, and the amount of heat delivered to the TE module.
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Figure 3 Schematic diagrams of multi-couple TE modules. (a) Type A configuration
with ceramic insulating plates and large inter-couple separation; (b) Type B configuration
without ceramic insulating plate and with very small inter-couple separation.
Two types of commercially available multi-couple TE modules are shown schematically
in Figure 3. Type A is designed for cooling applications and possesses significant
inter-couple separation. In this type of module, n-type and p-type legs are connected
electrically in series by high conducting metal strips and sandwiched between thermally
conducting but electrically insulating ceramic plates. Type B is developed for power
generation and is densely constructed with very small inter-couple separation. However,
the conducting metal strips in Type B are not insulated and the module cannot be
attached directly to electrical conductors, such as an aluminum heat sink.
I! I
Such modules are placed between a heat source and a heat sink. The system design has a
strong impact on the overall device efficiency. The efficiency does not change when a
number of couples are linked together in a device, whereas the cooling power, heating
power and power generated are proportional to the number of couples. For a given
temperature difference, there is a significant variation in maximum power output for
different modules due to variation in thermoelectric materials, module geometry and
contact properties.[4] The maximum output power and the COP are given by
P= NA(a, -,) 2 (TH -TC) 2  and
2p(L + n)(1 + 2rLc / L)
T -Tc{( 2 L TL)2[2 I( -Tc 4 L+n
S= (1+2rLc /L)22 (2L )] -1, where N is the numberT, 2 TH ZT, L + 2rLc
of thermocouples in a module, A is the cross sectional area of each leg, Lc is the
thickness of the insulating ceramic layers, n = Pc /p andr = K• /rK. Clearly, both the
maximum power output and conversion efficiency depend on temperature difference, TE
materials, module geometry and contact parameters. The maximum power output follows
a clear trend and increases with a decrease in TE length for a given cross-sectional area.
However, the COP of the module can be improved by operating at a larger temperature
difference or increasing the length of the thermocouple. Consequently, the length is
usually a compromise between maximum power output and maximum conversion
efficiency and should be optimized to obtain minimum cost.
The main problems invariable encountered in practice with TE modules are related to
heat transfer. There is always some transfer of heat from the hot to the cold junctions
through the space between and around the legs. Besides, there is thermal resistance
between the module junctions and the heat sources and sink at the substrate level.[4]
Because of maximum temperature drop (Z7/2) and the temperature dependence of the
thermoelectric properties, the use of a single material in a module operated over a wide
range of temperature (>100K) seriously affects the efficiency of the device. Cascaded TE
module, with difference materials at each stage offers a significant improvement which
can be used to meet the requirement of large temperature difference in the power
generation mode. At each stage, a material with optimized efficiency with respect to the
range of temperature between which it operates is used. The first stage of cascade
provides a heat sink at a lower temperature for the second level, which in turn, provides
an even lower temperature sink for the following stage.
Another solution is to build TE legs with difference materials, i.e. segmented legs. A
material with high efficiency at high temperature is placed in contact with the hot ceramic
plate, while a material with high efficiency at low temperature is placed in contact with
the cold plate. By doing this, each material is only operating in its most efficient
temperature range.
Chapter 3 Materials
3.1 Materials performance
As discussed in the previous section, the coefficient of performance of a TE couple is
T -T l+ZcTa -177 H T for the power generation mode and
1+ZcTay Tc
TC T
77= C X TH for the cooling mode, and the figure of merit is defined
TH-T,c 1+ZZcT., +1
as Z= a
Sticking to our interest in large scale TE power generation, it is clear that a high
efficiency TE generator requires at least two aspects: large AT to increase the Carnot
factor; and large figure of merit Z. Increasing Z is the goal of most TE materials
development and increasing AT is a goal of generator design.
From the definition of Z, a good TE material must have high electrical conductivity but
low thermal conductivity. Good TE materials are typically doped semiconductors or
semimetals with carrier concentration of 1019 to 1021 carriers/cm3 . To ensure the net
Seebeck effect is large, there should only be a single type of carrier, mixing n-type and
p-type conduction will lead to opposing Seebeck effects and lower thermopower. Thus
good TE materials have band gaps large enough to have only a single carrier type but
small enough to have sufficiently high doping and high mobility leading to high electrical
conductivity. Also note that the Seebeck coefficient a and the electrical conductivity
o are not independent. a decreases when the carrier concentration increases, while
cr increases when carrier concentration increases. a2 2 is the materials property
known as the TE power factor, which has to be optimized when adjusting the carrier
concentration as shown in Figure 4.
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Figure 4 Power factor [5]
Thermal conductivity in TE materials comes from two sources: electrons and holes
transporting heat (K,) and phonons travelling through the lattice (Kt).[5] So thermal
conductivity K = Ki + K,, and the electronic term is directly related to the electrical
conductivity through the Wiedeman-Franz law K, = L uT where L is the Lorenz factor.
a 2 "T c 2 /LSo ZT= = , as shown in Figure 5, the greatest opportunity to enhance
ZT is tominimize the lattice thermal conductivity by minimizing . This can be done by
ZT is to minimize the lattice thermal conductivity by minimizing I,. This can be done by
increasing phonon scattering by introducing heavy atoms, disorder, large unit cells,
clusters and rattling atoms.
0.5
9%L
101 10t1 1020 102
Figure 5 Optimizing ZT through carrier concentration involves a compromise of thermal
conductivity and Seebeck coefficient with electrical conductivity [5]
The ideal TE material is one which is a "phonon-glass electron-crystal". The
electron-crystal requirement stems from the fact that crystalline semiconductors have
been the best at meeting the compromises required from the electronic properties
(Seebeck coefficient and electrical conductivity). The phonon-glass requirement stems
from the need for as low a lattice thermal conductivity as possible. Traditional TE
materials have used site substitution (alloying) with isoelectronic elements to preserve a
crystalline electronic structure while creating large mass contrast to disrupt the phonon
path. Much of the recent excitement in the field of thermoelectrics is a result of the
successful demonstration of other methods to achieve phonon-glass electron-crystal
materials.
The performance can be enhanced by increasing the TE material ZT, maintaining a large
temperature differential across the TE module through efficient heat transfer, or
providing efficient hot and cold side heat transfer that produces high thermal flows
through the system. The conversion efficiency of power generation mode
T -T 1+ZcT, - 1
77 = H + + can be hardly achieved practically, because of the heat
" TH
transfer that occurs between hot and cold junction in the space between the legs and
around the modules. Other losses can result from electrical resistances and imperfect
thermal or electrical contacts. For any engineering application, we are interested in how
the device performance is linked to the theoretical value.
3.2 TE Materials development
So far the most widely used TE materials are alloys of Bi2Te3, and Sb2Te3. For near room
temperature applications, such as refrigeration and waste heat recovery up to 500K,
Bi2Te3 alloys have been proved to possess the greatest figure of merit for both n-type and
p-type TE systems. Bi2Te3 was first investigated as a material of great TE promise in the
1950s.[7] It was then quickly realized that alloying Bi2Te3 with Sb2Te3 allowed for the
fine tuning of the carrier concentration alongside a reduction in lattice thermal
conductivity. The most commonly studied p-type compositions are near (Sbo.8Bi0.2)2Te3
whereas n-type composition are close to Bi2(Teo. 8Seo. 2)3. The electronic transport
properties and detailed defect chemistry which controls the dopants concentration of
these alloys are now well understood by extensive studies of single crystal and
polycrystalline materials. [8] Peak ZT values for these materials are typically in the range
of 0.8 to 1.1 as shown in Figure 6. By adjusting the carrier concentration, ZT can be
optimized to peak at different temperatures, enabling the tuning of the materials for
specific applications such as cooling or power generation.[9]
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Figure 6 Figure of merit of p-type TE materials (left) and n-type TE materials (right) [5]
For mid-temperature power generation (500-900K), materials based on group IV
tellurides are typically used, such as PbTe, GeTe, and SnTe.[7] Again, a tuning of the
carrier concentration will alter the temperature at which ZT peaks. Alloys, particularly
with AgSbTe 2, have led to several reports of ZT>1 for both n-type and p-type
materials.[10] Only the p-type alloy (GeTe)o. 85(AgSbTe 2)0.15, commonly referred to as
TAGS, with a maximum ZT greater that 1.2, has been successfully used in long life TE
generators.[3] With the advent of modem microstructural and chemical analysis
techniques, such materials are being reinvestigated with great promise.
High temperature (>900K) TE generators typically use silicon-germanium alloys for both
n-type and p-type legs. The ZT of these materials is fairly low, particularly for the p-type
material because of the relatively high lattice thermal conductivity of the diamond
structure.
There are unifying characteristics in recently identified high ZT materials that can
provide guidance in the successful search for new materials. One common feature of the
thermoelectrics recently discovered with ZT>1 is that most have lattice thermal
conductivities that are lower than the present commercial materials. Thus the general
achievement is that we are getting closer to a "phonon glass" while maintaining the
"electron crystal". These reduced lattice thermal conductivities are achieved through
phonon scattering across various length scales. A reduced lattice thermal conductivity
directly improves the figure of merit and additionally allows re-optimization of the carrier
concentration for additional ZT improvement.
There are three general strategies to reduce lattice thermal conductivity that have been
successfully used. The first is to scatter phonons within the unit cell by creating rattling
structures or point defects such as interstitials, vacancies or by alloying.[3] The second
strategy is to use complex crystal structures to separate the electron-crystal from the
phonon-glass. Here the goal is to be able to achieve a phonon glass without disrupting the
crystalloid of the electron transport region. A third strategy is to scatter phonons at
interfaces, leading to the use of multiphase composites mixed on the nanometer scale.[1 1]
These nanostructure materials can be formed as thin film superlattices or as intimately
mixed composite structures.
The performance of thermoelectric materials and the systems that utilize them did not
change appreciably between 1960 and 2000. In recent years, the figure of merit has been
increased by investigation of new materials and lattice structures, advances in the basic
materials and system level thermodynamic cycles have led to a projected fourfold
increase in performance. As shown in Figure 7, TE materials discovered in the early
mid-1900s demonstrated limited conversion efficiencies with ZT of only about 1.
However, recently discovered advanced TE materials (nanostructured, thin film
superlattice, quantum well materials) have been characterized with ZT above 2. Scientists
further believe that ZT of 4 is achievable in the near future. ZT has no known theoretical
upper limit.
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Figure 7 Evolution of figure of merit
(http://web.mit.edu/nanoengineering/research/te.shtml)
Research at NASA-JPL, MIT-Lincoln Labs, Michigan State University, and other
organizations from about 1995 to the present has led to the discovery, characterization,
and laboratory demonstration of a new generation of TE materials: skutterudites, thin
film superlattice materials, quantum well materials, and AgPbSbTe (LAST) compounds
and their derivatives. These materials have either demonstrated ZT of 1.5-2 or shown
great promise for higher ZT approaching 3-4. Quantum well materials include
0-dimensional dots, 1-dimensional wires and 2-dimensional thin film materials. These
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materials make it possible to create TE systems that display higher ZT values than those
obtained in bulk materials because quantum well effects tend to accomplish two
important effects: they tend to significantly increase density of states which increases the
Seebeck coefficient in these materials, and they tend to decouple the electrical and
thermal conductivity allowing quantum well materials to exhibit low thermal
conductivities without a corresponding decrease in electrical conductivity. The LAST
compounds have shown embedded nanostructures within the crystal matrix that may
exhibit quantum well effects. The most important breakthroughs these years include:
PbTe/PbTeSe quantum dot superlattice alloys, developed by MIT Lincoln Laboratories,
achieved a ZT=1.6 at room temperature and ZT=3 at 550K.[12] PbSe nano-particles are
grown in a PbTe matrix. This structure has a decreased thermal conductivity because of
the large interface area per unit volume; with little effect on the Seebeck coefficient and
electrical conductivity.
Bi2Te3/Sb2Te3 superlattices developed by the Research Triangle Institute (RTI) achieved
ZT=2.4 at room temperature. Nextreme Thermal, a spin-off of RTI, is a start-up company
which aims to commercialize this technology.
Cubic AgPbmSbTe2+m bulk materials with ZT=2.2 at 800K was developed at Michigan
State University.[10]
Bismuth antimony telluride, crushed into a powder with a grain size averaging about 20
nm and pressed into discs and bars at high heat, achieved a 40% increase in efficiency at
room temperature to 520K, as reported by the MIT Mechanical Engineering
Department.[14]
3.3 Materials selection
For TE energy conversion applications, the most widely used materials are bismuth
telluride (Bi2Te3), lead telluride (PbTe), tellurides of antimony, germanium and silver
(TAGS), lead tin telluride (PbSnTe), and silicon germanium alloys (SiGe). The system
conversion efficiency for state-of-practice is about 6%.[15]
3.3.1 Bismuth telluride (Bi2Te3) and antimony telluride
(Sb 2Te3)
Many have previously studied these materials and presented the results of room
temperature measurements on "good" thermoelectric materials. However, these studies
are relatively old and the data dispersed throughout the literature. In most of the samples
previously studied, it is difficult to relate the thermoelectric properties to the physical
state of the material. The intrinsic properties are hidden by doping effects or an excess of
one of the components, the starting materials usually being thermodynamically badly
defined. 3]
Although neither bismuth selenide nor antimony telluride have very good TE properties
at room temperature, the alloy of bismuth telluride with one or both gives improved ZT
by reducing the lattice thermal conductivity. As Sb2Te3 is invariably strongly p-type and
undoped Bi2Se3 is n-type, the majority carrier type in each alloy will vary accordingly.
Within the Bi2Te3 based alloys, improved with Bi2Se3 and Sb2Te3, the optimal
composition for thermoelectric cooling is Bi2Te2.7Seo. 3 for the n-type leg and Bio.sTel.sSe3
for the p-type leg.
3.3.2 Lead telluride and related compounds
Lead Telluride and lead telluride-based thermoelectric materials, lead-tin-telluride
(Pbl.iSnxTe), belong to a class of semiconductors which share the common properties of
ionic-covalent bond, as well as cubic sodium chloride type lattice. Their TE properties,
such as the type of carrier, concentration, mobility, Seebeck coefficient, and electrical
and thermal conductivities are determined by the deviation from stoichiometry, doping
element concentration and defect concentration. During the past decade, interest in lead
telluride based materials has focused mainly on obtaining reliable data pertinent to the
materials technology and the role of defects. Lead telluride based materials have been
used for a range of purposes in the hot junction temperature range 600-900K.
3.3.3 Silicon germanium (SiGe) compounds
Silicon germanium alloys were first used in space in the SNAP-10A nuclear reactor and
have been the exclusive choice for TE generator launched by the US since 1976. Primary
considerations for space power applications are reliability and high operating
temperatures. In addition to having attractive thermoelectric and physical properties,
SiGe devices can operate at temperatures up to about 1300K without significant
degradation. These properties make this material a viable alternative for any application
where reliable, long-term performance in a demanding high temperature environment is
required.
3.3.4 Oxide materials
Practical applications of inter-metallic materials like Bi2Te3, Pb-Te, and Si-Ge have,
however, been delayed by problems such as their low melting or decomposition
temperatures, their content of harmful or scarce elements, and their cost. Oxide-based
thermoelectric materials have the potential to overcome the above-mentioned problems.
Recently, the TE figures of merit of oxide materials were surprisingly increased and the
research and development of oxide TEs have correspondingly accelerated. A series of
cobalt oxide were reported to have a ZT of 2.7 with energy conversion efficiency
expected to be about 20%.[16] The high ZT=1 of NaxCoO 2 at temperatures relevant for
waste heat recovery has since been confirmed.[17] Good thermoelectric performance at
high temperature in air has recently been reported for single crystalline whiskers of two
such materials Ca2Co205 and Bi2Sr2Og.[18]ZT of the Ca2Co205 whiskers (abbreviated to
Co-225) is estimated at 1.2-2.7 at T>873K.[20] Ca2.7Bi0.3Co40 9 (Co-349) and
Lao. Bio. NiO3( Ni-113) bulks materials shown good thermal and electrical properties at
TH and AT at 990K and 660K respectively.[44]
Because oxide-based devices for the high-temperature applications are really new, some
properties should be checked. A technically important question is, for instance, how long
can the oxide device work, and/or how large a TE power can be drawn. Not only the TE
performance of the couples itself, but other properties of the modules, such as high
temperature durability, mechanical strength, and adaptability for application, need to be
studied. For real applications, oxide modules should not be expensive because of the low
cost of raw materials and simple processing. If the TE modules operate off of waste heat,
the most important parameters would be how much electrical power can be generated and
for mobile applications, module weight.
3.4 Manufacturing methods
As discussed before, both the maximum power output and conversion efficiency depend
upon imposed temperature difference, materials, module geometry and contact
parameters, the latter being closely associated with the module fabrication process. The
performance of a module, having thermo-elements with a fixed geometry, fabricated
from given materials and operated in a given temperature regime, will be determined by
the quality of its manufacture. Manufacture quality includes selection of contact materials
and formation of electrical junctions and thermal contact layers. There are four basic
methods to fabricate TE devices.
3.4.1 Growth from a melt
To obtain high thermoelectric efficiencies, one of the requirements is that the materials
should possess carrier concentrations of up to 1020 cm-3, whereas electronic materials
normally have much lower concentrations. At such high carrier concentrations,
thermoelectric semiconductors tend to exhibit low carrier mobility, which in turn lowers
the thermoelectric efficiency, unless perfect specimens are prepared. In most cases
achieving the combination of high carrier concentration and perfect crystalline structure
in a semiconductor presents a very difficult challenge for technologists. For this reason
the preparation of modern thermoelectric material depends strongly upon the successful
development of crystal growth technology. To facilitate characterization of the material,
the specimens need to be as free of defects as possible. One of the major obstacles to
achieving that goal is grain boundaries. The only way to eliminate these defects is to
grow single crystals. The alternative is to minimize them by growing polycrystalline
ingots with very large grains. The best TE materials are usually grown from a melt.
The preparation of chemical compounds and solid solutions from a melt begins with
melting the elemental constituents together, a process referred to as synthesis or alloying.
It is essential to use high grade elements of guaranteed purity and to take all necessary
precautions to prevent contamination during handling, synthesis, and crystal growth.
Crystal growth, which is the next step in material preparation from the melt, can be
carried out in many different ways. The same material can be grown by different methods
with different levels of success. Two major categories for all possible processes are
growth from stoichiometric melts and from nonstoichiometric melts. Segregation of the
doping agents is a much more serious matter, and for this reason, care must be taken to
avoid the effects of constitutional supercooling. The influence of the growth rate and the
temperature gradient in the Bridgman technique was first studied by Cosgrove,[21] and
the results have since been confirmed by other workers. Cosgrove and his colleagues
arranged furnace temperature gradients range from 2.5, 5.0 or 25 K/mm, and the growth
rates between 2.2x10-4 to 4.2x10-2 mm/s were employed. At high growth rate and low
temperature gradients, the thermal conductivity becomes undesirably high. A slow
growth rate requires strict control of the ambient temperature and of the heater power. It
is also necessary to maintain the mechanical drive at a constant speed.
Melt preparation techniques usually involve vacuum or protective atmospheric
environments, which are ideally suited to research into further understanding of the
syntheses of initial precursors and crystal growth mechanisms. Nevertheless, the
manufacturing of the best performance materials relies upon careful choice of these
environments. It is strongly emphasized that the processes require knowledge of
composition temperature or even composition temperature pressure phase diagrams. This
knowledge helps to select the appropriate method of preparation, apparatus design, and
processing.
3.4.2 Powder metallurgy
Powder metallurgy is broadly defined as the process whereby powders are compacted and
then sintered at elevated temperatures to form a dense body with a well defined, coherent
grain structure. The compaction can occur either at room temperature or at elevated
temperatures, commonly known as hot-pressing. Powder metallurgy techniques are used
to fabricate a variety of common TE materials, including SiGe and PbTe.
In the process of pressureless sintering, the thermoelectric powder is compacted at room
temperature and then sintered at elevated temperature at ambient pressure. This process is
particularly attractive from a manufacturing perspective. Simple tool steel dies are used
to compact the powder. The material can be pressed to the device element size,
eliminating the need for wafering and dicing steps. The powder is compacted in a short
time so that the material can be processed quickly and high-speed dies are available that
can press many hundreds of elements per hour. During sintering two processes occur
simultaneously, the grain size increases while the pore size and volume decrease. As the
average grain size increases, smaller grains are consumed and the total number of grains
decreases. The rate at which grain growth occurs is governed by the rate at which
individual atoms can move across the grain boundary. This has been shown to increase
exponentially with temperature.[22] As the grains are growing, the number and size of
the pores are also decreasing. The controlling variables for densification are particle size
and the mechanism by which material is transported across the grain boundary. The
densification rate decreases with increasing particle size. The transport mechanism will
vary based on system parameters, but two mechanisms are especially important, diffusion
from the grain boundary to the adjacent particles and diffusion from one grain to another.
The diffusion coefficients will vary depending on the controlling diffusion mechanism
and are affected by the composition and temperature as well as the cleanliness and shape
of the grain boundaries. In systems where no chemical process are occurring, the
sintering rate has been shown to decrease with time, thus long sintering times do not
significantly improve the properties. Of course in systems where sintering is used as the
synthesis technique and the reaction mechanism is solid state diffusion, a longer time
may be required to allow complete reaction of material.
Hot pressing is often used in systems where pressureless sintering is not practical. In
pressureless sintering, capillary pressures provide the driving force for densification. If
this pressure is not sufficient for rapid densification, external application of pressure at
high temperatures is required. Densification occurs in precisely the same way whether or
not external pressure is applied. The application of external pressure simply increases the
rate at which these processes occur. In addition, plastic deformation can be important,
especially in the early stages when contact stresses are significant. Liquid phase sintering
can also be important in hot pressing. Densification will occur at lower temperatures in
the presence of a small amount of liquid phase. If the solid is soluble in, and is wet by the
liquid, an extra capillary pressure develops from the filling of the inter particle space by
the liquid. This allows the particles to rearrange to give a more efficient packing. Material
transport is also increased as the solid dissolves in the liquid phase. This process is
especially important in the SiGe system in the early stages, due to the presence of molten
elemental germanium. Hot pressing is not as economically desirable as pressureless
sintering in general, since it is not practical to fabricate individual elements. Instead, large
compacts are pressed which must then be wafered and diced. Therefore, pressureless
sintering is preferred over hot pressing whenever possible.
Although the best TE materials are often obtained by growth from a melt, there are a
certain number of advantages in using a powder metallurgy technique. Sintered materials
are invariably more robust than those melt grown, and they do not require the same
precautions to establish homogeneity. And it is possible to reduce the lattice thermal
conductivity through scattering of phonons on the grain boundaries. However, sintered
thermoelectric materials are satisfactory only if the density is reasonably high and if there
is negligible grain boundary electronic resistance. In addition, some degree of alignment
of the grains is desirable for materials in which the thermoelectric properties are
anisotropic. As with any process, identification and control of key process parameters are
required to reproducibly achieve high quality materials. While it is relatively
straightforward to achieve high density and compositional control, the microstructure
must also be controlled. This requires development of a detailed understanding of the
relationship between processing parameters, microstructure, and thermoelectric
performance.
3.4.3 Nanowire growth
Nanowire thermoelectric devices, now under development, are intended to take
miniaturization a step beyond the prior state of the art to exploit the potential advantages
afforded by shrinking some device features to approximately molecular dimensions. It
has potential application in the low cost, high yield fabrication of thermoelectric elements
with lengths in the range of tens to hundreds of microns.[23] The main advantage of
using nanowires for TE applications lies in the large difference in mean free path lengths
between electrons and phonons: 110 nm for electrons in highly doped samples [24] and
300 nm for phonons. [25] Consequently, incorporating structures with critical dimensions/
spacing below 300 nm should reduce the thermal conductivity without significantly
affecting the power factor. In addition to offering the advantages of nanowire materials,
the composite provides an opportunity to engineer structurally robust materials necessary
for the fabrication of multi-couple integrated devices. The development of nanowire
based thermoelectric devices could lead to novel power generating, cooling and sensing
devices that operate at relatively low currents and high voltages.
Nanowire device fabrication can be divided into two general approaches-bottom up and
top down. In bottom up approaches, the nanowires are synthesized then assembled into
devices. In top down approaches, synthesis is performed while being constrained. Most
efforts have been focused on top down, Abramson and coworkers have reported on
vapor-liquid-solid grown silicon nanowires arrays used in a proposed TE device.[23]
One of the most commonly used techniques for the growth of nanowires is the
vapor-liquid-solid (VLS) process.[26] Both Si and Ge nanowires have been grown using
this method where a metal catalyst, generally Au, is used to decompose the source gas
and form a eutectic.[28][29][30][43] Excess decomposition of the source gas leads to the
precipitation of nanowires from the eutectic. The Au catalyst can be in form of a thin film
or nanoparticles on a substrate. SiGe nanowires have been produced using this approach,
where the Si source has been silane, as well as silicon tetrachloride, combined with laser
ablated Ge.[31][32] The SiGe growth was carried out in a quartz reactor that was
placed in a horizontal furnace. The flow rate of the source gases was controlled with
electronic flow meters.[33] The sources of Si and Ge were disilane (10%, balance Ar)
and germane (10%, balance He). The substrates for VLS grown nanowires were pieces of
Si wafer with thermally grown oxide. After cleaving, these substrates were cleaned with
acetone, followed by mechanol. A thin (1-2 nm thick) gold film was deposited by
sputtering. Studies with an atomic force microscope have shown that this film breaks up
into nanoparticles during the preheat period, before the source gases are introduced into
the reactor.[27] The size the nanoparticles formed depends on the film thickness,
temperature, type of substrate, and the high temperature exposure time. To achieve
nanowire growth, the substrate was placed in the centre of the reactor on a molybdenum
holder, whose temperature was monitored with a thermocouple. During the heating and
cooling period, the reactor is flushed with dry N2 and pumped out at the other end with a
roughing pump.[37]
Gold-free vapor-solid (VS) growth was also examined for fabrication of SiGe nanowires.
Growth of Si nanowires on indium tin oxide (ITO) and mica surfaces using this approach
is reported.[34] The growth of pure Ge nanowires on these surfaces was first investigated.
After successfully growing Ge nanowires, SiGe nanowires can be grown using the same
conditions described above for VLS growth of nanowires. Although growth of single
crystal SiGe nanowires was achieved, their density was low.
Thermoelectric materials and devices that comprise arrays of such nanowires can be
fabricated by electrochemical growth of the thermoelectric materials in templates that
contain suitably dimensioned pores. The nanowires can then be contacted in bundles to
form devices that look similar to conventional thermoelectric devices, except that a
production version may contain nearly a billion wires per square centimeter, instead of
fewer than a hundred as in a conventional bulk thermoelectric device or fewer than
100,000 as in a micro device. After polishing, contacts on bundles of Nanowires can be
made by electrochemical deposition of nickel or another suitable metal. The bundles
would be suitably masked to allow electrochemical growth only in the desired areas. For
a given bundle, the metal caps would be made to electrochemically grow out from the
exposed ends of the nanowires, eventually merging to form one metal contact.
It has been theorized that the efficiency of thermoelectric devices can be improved via the
exploitation of nanowire arrays and that these devices can be competitive with traditional
cooling and power generation methods. The diameters of the nanowires predicted to have
enhanced efficiency must be below the thermal de Broglie wavelength in the axial
direction of the nanowires for a particular material. Bismuth telluride and its alloys, lead
telluride, and indium antimonide have been suggested as viable materials for
thermoelectric nanowires devices. There have been several reports on the electrochemical
deposition of bismuth telluride and bismuth telluride alloy nanowires with diameters that
approach the thermal de Broglie wavelength.
3.4.4 Mechanical alloying
Mechanical alloying (MA) was first developed to produce oxide dispersion-strengthened
(ODS) alloys. The numerous commercial applications of MA for producing high strength
(Ni, Fe, Al) alloys by ODS have been reviewed by Sundaresan and Froes.[35] Synthesis
of amorphous alloys is an area that has received considerable attention in recent years.
MA is a high-energy ball mill technique used to produce alloyed powder through
solid-state reactions. It occurs basically through a repeated process of fracture and cold
welding of powder particles trapped between grinding balls. Although the processing is
done at ambient temperature, the localized heat generated by collisions of the balls with
the materials being alloyed can raise the temperature of the alloy from 100 to 350K
depending on the thermal properties of the materials. This temperature increase is not
sufficiently large to cause melting or recrystallization, in most cases, but does provide a
driving force for the interdiffusion of the components along atomically clean fracture
surfaces. The advantages of MA over conventional melting/grinding hot pressing
techniques are: it is a room temperature process which removes the problem of
volatilization of dopants such as phosphorus; it reduces the problem of inhomogeneous
alloys that arises from dendritic segregation caused by the wide separation of the solidus
and liquidus in phase diagram; it may also allow for the incorporation of nanometer size
inclusions to act as phonon scatterers, as suggested by White and Klemens. [36]
Among all the ball mill variations, three basic types encompass the bulk of mechanical
alloying applications: the attritor, the planetary, and the vibratory. In the attritor mill, an
impeller is rotated inside a tank filled with grinding balls and the materials to be
processed. Microscopic fracture and cold welding occur in the powder particles trapped
between the rapidly agitated balls. This type of mill has been used extensively in the
production of high strength, ODS super alloys and MA of ductile metal powders. The
planetary type consists of a rotating vessel of radius r and angular frequency w mounted
on a platform of radius R (R>r) which rotates in the opposite direction with angular
frequency R. the centrifugal force caused by the rotation of the vessel and platform
continuously moves the powder and balls to the tangential edge of the vessel. The
grinding medium is either pinned to the inner wall of the vessel or the combined motion
of the platform and vessel causes an apparent curved trajectory such that the balls impact
the vessel wall, trapping powder between them. A characteristic of both the attritor and
planetary mills is that the processing time required for alloy formation can be rather
length. The vibratory mill has a sealed vial which is shaken in a complex three
dimensional motion at high frequency, typically on the order of 15 to 20 Hz. Powder
particles trapped between the milling balls and the vial walls undergo high energy
compressive impact forces which generate fracture, cold welding, and some heat. This
type of mill more thoroughly mixes the powders and breaks down larger chunks of
precursor material than the attritor or planetary mills. Chunk material can thus be used as
a starting material rather than powders which are usually used to prepare ODS
superalloys by MA. This is advantageous in that reduced oxygen levels in the final
consolidated alloys can be obtained compared to the use of fine powders.
Mechanical alloying is a relatively new technique that can be used to prepare a large
variety of thermoelectric materials. Alloying near ambient temperature permits
introduction of volatile dopants without loss. Increased solubilities of dopants and
homogeneous alloys have been prepared. Metastable high pressure and high temperature
structures have been prepared by this technique at room temperature. [3] Applications of
MA are growing rapidly.
Chapter 4 Patent search
A patent search was conducted to analyze the intellectual property status and applicability
of this TE generation technology in large scale power generation. Patents were searched
on Google Patent Search (y g.qgooglgqe.com/patents) as well as the US Patent Office's
website (www.uspto.org), via key words searching and classified patents searching.
More than 4,360 patents including issued and applications are related to TE material
composition, structure or processing technique, from the statistics of United States Patent
and Trademark Office. These claims can be divided into different categories:
* Claims on material composition and structure
* Claims on material processing techniques
* Claims on thermoelectric device configuration
* Claims on thermoelectric device manufacturing processes
Most of the MIT Lincoln Laboratory patents relate to material composition and structure
elements, few on materials processing technique. (US 6444896) "Quantum dot
thermoelectric materials and devices", this patent protects the quantum dot superlattice
(QDSL) structure for a thermoelectric material made of a selection of metal and
semiconductor. The patent claims innovation on structure of QDSL and intends to be as
broad as possible, with a claim on the substrate used and a claim on the thickness of the
plurality of layers. There is also a claim on the density of quantum dots, as well as the
molecular beam epitaxial technique used in processing. (US 7179986) "Self-assembled
quantum dot superlattice thermoelectric materials and devices", this patent reinforces the
one above. The originality of the structure: alternating layers of a quantum dot material
and a matrix material is described. The composition of the material is protected, also any
material of that structure in which the quantum dot material is selected from the group
including a pseudo-binary alloy and a pseudo-ternary alloy and used for TE applications
should infringe this patent. The exact composition which enabled a high ZT is also
described. A claim on the lattice constant mismatch value between quantum dot material
and matrix material is also present. (US 6605772) "Nanostructured thermoelectric
materials and devices", this patent is more a description of the structure and the resulting
properties.
BSST is a subsidiary of Amerigon Incorporated who has developed and demonstrated the
highest efficiency achieved with thermoelectric technology to date. BSST's innovations
mainly focus on the device structure and configuration, for better heat transfer
management. (US 6672076) "Efficient thermoelectrics utilizing convective heat flow",
describes the association of thermoelectrics in arrays parallel of which pass a convective
medium with configurations for increased efficiency. The principle is to place the most
suitable couple for the range of temperature at which this couple will operate in the array.
(US 6812395) "Thermoelectric heterostructure assemblies element", includes agents that
improve structural strength, allow current to pass in a preferred direction and minimize or
reduce adverse effects. (US 6539725) "Efficient thermoelectrics utilizing thermal
isolation", as the temperature difference between the hot and cold junctions increases, the
length of the TE legs is increased to maintain a constant temperature gradient and thus
avoid losses due to heat convection.
Other patents held by the start-up company Nextreme, such as (US 6300150) "Thin-film
thermoelectric device and fabrication method of same", (US 6071351) "Low temperature
chemical vapor deposition and etching apparatus and method", (US 2006/0266043)
"Power generation system", are more application oriented, and concentrate on the
original structure of material and fabrication method, few claims concern material
composition.
There are few patents protecting the use of TE technologies for precisely named
applications, therefore there is still room for patents linking TE technology to
applications on large scale power generation. Recent discoveries on the materials side
give us potential patent applications for the new usage of TE technology enabled by these
breakthroughs.
Chapter 5 Business and cost analysis
5.1 Technology assessment
It is estimated that about 3.3x10'8 J of energy is wasted annually by the thousands of
processes used in U.S. manufacturing sector. A large portion of this energy is exhausted
into the atmosphere as waste heat. Not all industrial waste heat is of the same quality. It
varies from one industrial application to another in terms of its temperature, composition,
and accessibility. A portion of the waste heat, as much as 1.9x10' 8 J/yr, is considered to
be an opportunity for waste heat recovery.[l] Many manufacturing industries offer
several large opportunities for energy recovery. Aluminum, glass, metal casting and steel,
all have process furnaces discharging high temperature waste heat combustion gases and
melt pool gases. In some industries, this heat can be used to raise steam, preheat raw
materials or combustion air, or be integrated with other processes at the manufacturing
site. But in other industries there is limited opportunity to reuse this thermal energy. The
opportunity to recover waste heat should be large in metals industries which uses
numerous heat treatment furnaces and in chemical industry where process heaters are
widely used. Additional waste heat opportunities exist in lime kilns, cement kilns, etc.
The significant advantages that TE materials offer over other technologies have lead to
early niche applications. As the technology improving, the efficiency of TE devices
increases and the cost decreases. With increasing energy price and TE technology
improvement, TE could become competitive for industrial waste heat recovery from large
scale power generation. High energy costs are more important than capital costs, but
waste heat costs very little or even nothing. It is also intended to protect the environment,
as less energy would be rejected into the atmosphere.
A detailed characterization of the potential industrial scenario is necessary since the
application temperature limits the utility of TE devices, the temperature difference
determines the TE device's efficiency, and the waste heat source composition determines
corrosion, erosion, scaling, fouling and other effects, dictating the demands on the
material composition and the heat transfer surface designs.
The electrical output will be direct current at relatively high voltage, in order to reduce
the ampere load within the generator. The high generator power output can be used to run
readily available DC motors, compressors, and other electrical equipment. In some cases,
it will be necessary to convert the DC output to AC signals; fortunately, the necessary DC
power controls and converters are standard and have relatively low cost and high
conversion efficiencies.
TE materials must be developed with a specific target waste heat application in mind:
great ZT (>2), better thermal, chemical and structural stability, well understood structures
and chemical properties, reproducible synthesis and fabrication processes, long term
stability (>10 years) at industrial operating conditions, compatibility with other power
system materials, low material and fabrication costs. Key to the commercial development
of TE materials is the recognition that these materials not only require higher ZT, but also
be suitable for use under industrial conditions and have a path to cost effective mass
production. They must be thermally, structurally, and chemically stable. They must
accommodate vibration and thermal cycling conditions without significant degradation.
They must mitigate or eliminate interface material diffusion across the temperature
ranges of interest. They must be thermal expansion matched with appropriate electrical
connection, diffusion barrier, and electrical isolation characteristics. This entire area of
advanced TE materials development requires more efforts to develop robust and long
term solutions.
TE device manufacturing must be efficient, reliable while maintaining cost effective. The
TE device must be engineered in a manner that allows for low cost large quantity
production. Current thermocouple type device manufacturing is labor intensive, requiring
numerous tasks like soldering, wiring, and sophisticated element placement. Mass
production of thermocouple type devices in the past often required hundreds of workers
making thousands of connections. This manufacturing approach is costly and susceptible
to errors and variations that may impact device performance and reliability. Several
companies (listed in Appendix) have implemented more advanced, automated
manufacturing techniques to drive down manufacturing costs and increase device
performance and reliability. Potential wafer type manufacturing with the
economies-of-scale similar to the semiconductor chip industry is possible, particularly
with some of the advanced TE materials such as thin film superlattice materials, quantum
well materials, and LAST compounds or their derivatives.
TE generator system design involves the TE device, heat exchanger, and an electronic
control module. The system must be capable of installation and operation without
economically offsetting modifications or new large capital requirements to existing plant
equipment.
According to Professor Eugene Fitzgerald's theorem of technology evolution, at the stage
of new improvements have been achieved but not been implemented into industrial
applications, there is always a perception gap, so should be a good investment
opportunity. TE technology evolution is shown in Figure 8; the main hurdles have been
tackled by the quantum dot and nanostructure methods, so that high ZT materials for both
n-type and p-type are able to be achieved.
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Figure 8 Technology evolution diagram
The modules can be made from the high ZT oxide Ca 2Co20 5 in the form of whiskers
(Co-225 for short) with attractive thermoelectric properties at high temperature in air.
Single crystalline whiskers were reportedly prepared from glassy melt-quenched plates as
described in the following. CaCO3, SrCO3, Bi20 3, Co30 4 powders, used as starting
materials, were mixed with a cationic composition of Ca:Sr:Bi:Co = 1:1:1:2. The mixture
I
was then melted in air using an alumina crucible at 1573K for 30 minutes. The melt was
quenched by insertion between two copper plates to obtain glassy plates. These were then
heated in a stream of 02 gas at 1203K for 300-1000 hours which caused the Ca2Co20 5
whiskers to grow from their surface.[16] One is able to fabricate fin-type modules and
integrate them into a system, as illustrated in Figure 9.[38] The rectangular fin type
thermoelectric device, having a simple module structure, is suitable for fabrication. An
optimum fin aspect ratio is selected to achieve maximum power density and conversion
efficiency. Power density becomes larger when the module is proportionally downsized
keeping its optimum fin aspect ratio, while conversion efficiency remains constant.[39]
The cost of fabricating such a device is shown in Table 2. The device has been proven to
work successfully as a TE generator at high temperatures in air with excellent durability
during continuous operation.
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Figure 9 Schematic illustration of the fin-type TE module
The potential recovery opportunities of industrial waste heat are based on their hot side
temperatures, information of different industrial processes is shown in Table 1.[40]
Industrial waste heat processes such as glass furnaces (480oC to 14250 C) and aluminum
.!Omm
150 
ram.
i
cells (7500C to 9600C) are large scale, high temperature and offer significant commercial
potential to a TE generation system. The quality of heat at the discharge of the process
equipment is suitable for TE generation and these processes typically are not suitable for
standard fluid-to-fluid heat exchange operations which would increase process efficiency.
Ethylene furnaces are not suitable for TE generation since the final flue gas is low quality
(150°C), the gas steam contains components that can foul and corrode heat exchange
surfaces, thereby degrading TE generation performance. As we discussed before, the
higher temperature, the larger temperature difference (the temperature of cold side
maintains constant), thus the higher conversion efficiency. The ZT of our selected TE
material, Co-225 whisker, also increases as the temperature increases.
Applications Temperature (oC) Available Waste Heat (1015 J)
Water/Steam Boilers 150 646.6
Ethylene Furnace 150 31.8
Aluminum Melting 960 4.45
Aluminum Smelting 750 30.32
Cement Kiln (with preheater) 200 7.42
Cement Kiln (w/o preheater) 820 8.9
Glass oxy fuel Furnace 1425 5.1
Glass Regenerative Furnace 480 12.5
Table 1 Thermoelectric waste heat opportunities in the U.S. Industries
Before the TE generation system is integrated into the processes. It is required to examine
the industrial processes in order to identify and quantify industrial waste heat sources that
could potentially used TE generator. This involves examining the operating environment
that a TE generator would encounter in selected industrial processes, quantifying the
anticipated TE generation system performance, and identifying the cost needed for the
TE system to operate in the selected industrial processes.
In thermal power plants, mechanical power is produced by a heat engine, which
transforms thermal energy, often from combustion of a fuel, into rotational energy. Most
thermal power plants produce steam, so they are sometimes called steam power plants.
Steam boilers are selected for examination here because of their enormous amount and
relatively low quality of their waste heat. By interviewing the engineers in Senoko Power
Ltd., the steam from the boiler will go through a preheater and reach the temperature of
541oC, as illustrated in Figure 10.
Ur
Figure 10 Schematic diagram of one unit steam power plant
Thermoelectric system assemblies are made up of multiple components: thermoelectric
material, electrical insulators, connectors, heat sink, and interface materials. Here it is
needed to integrate the fin-type TE modules, electronic controlling module and the heat
exchange technology into a system, and embed the TE system in the furnace wall and
manhole of the boiler, as shown in Figure 11 and 12.
In addition, high heat flux is required for TE generators to operate efficiently. The heat
flowing through the device is constrained by the heat sink technology. In order to get a
high enough power output, the TE modules have to be operated between the hot and cold
sides with a significant temperature difference. In the application, the cold side is a liquid
cooled heat sink (245"C), while the hot side is the waste flue gas (541'C). In order to
avoid performance degradation due to ash deposition, high velocity air is blown over the
device surface for ten minutes everyday. [42]
----------------- ~I L~---
Figure 11 Configuration of embedded TE system [41]
Figure 12 Schematic diagram of the embedded TE system in the plant
The Co-225 compound includes no harmful or scarce elements and is chemically stable
in air up to 1000K. The TE modules fabricated using this oxide compound, therefore,
would be low in cost and could be used in air for extended periods. The key decision
factor is comparing the energy saving enabled by the attached TE generator and the cost
of the TE system installation.
5.2 Cost analysis
For a typical 1000MW steam power plant (able to generate 109 kWh electricity per year),
the construction cost of such a station is $1300 million US dollars, with a turbine engine
efficiency of 37%. The temperatures of the waste heat and the liquid cooled heat sink are
541 ° C and 2450 C respectively, using fin type modules made by Co-225 whiskers, whose
figure of merit can achieve as high as 2 at this desired temperature,[20] a TE system
discussed in the previous section can be integrated into the plant. From
THT - TC  l+ZcT -
77 1 + T , the energy conversion efficiency can be calculated as
TH 1 + ZcTiv + -Tc
TH
814-518 4i2 -1
r/= x = 11.25%.814 1rl + + 518
814
From the system configuration in Figure 11 and the TE module dimensions in Figure 9,
one can get the material cost details and design specifications in Table 2. The Co-225 TE
generation system installation will cost $13,500,000. The percentage of convertible heat
to overall input thermal energy is 25%.[41] The electrical power converted from waste
1000x 106heat will be P = x 25% x 11.25% = 76M * kWh / Year. The average price for
37%
electricity in US is 8.98 cents/kWh for 2007, the extra annual revenue generated by TE
system is $0.0898*76M=$6.825M. With electricity prices increasing this should be even
larger. As the projected lifetime for a TE subsystem is 20 years,[6] if one takes a discount
rate = 6%, the breakeven point is in the 3rd year, the net present value (NPV) of this
project will be 64.78 million dollars, as shown in Figure 13.
Cash Flow Analysis
* Future Cashf low
a hNLt Present Value
70
60
i50
S40
30
20
10
0
-10
-20 Year
Figure 13 Cash flow analysis
TE Module:
SUS430 Stainless Steel Substrate (US$) 0.440
A120 3 Insulating Coating 0.401
Pt Wire 214.712
TE Couple Materials Ca 6.63x10 -4
Co 0.927
Bi 0.0153
Sr 4.74x10 -6
La 85.96
O 6.29x10 -5
Total Cost (per Module) (US$) 302.5
TE generation system:
Channel Size 3 x 3 x 10 m3
No. of Channels 5
TE Module Size 0.15 x 0.1 x 0.001 m3
No. of TE Modules 40,000
Material Cost US$ 12,100,000
Control System Cost US$ 100,000
Labor Cost US$ 1,300,000
Total Cost (per System) (US$) 13,500,000
Table 2 Design specifications for TE generation system
Considering that US power plants in 2007 generated 3.67*10 12 W of which, as shown in
Figure 14, 71.7% is generated from steam power plant. Using TE power generation
systems, the potential energy that can be recovered will be
3.67x 1012 × 71.7% x 25%x 11.25% = 2 x 10"1kWh/Year
37%
The extra revenue generated by TE system would be $0.0898*2*10"=$17.96 Billion per
year.
3% 1.6% 48.4%
6.0%
Coal
Natural Gas
Il Other Energy Sources
t Hydroelectric Conventional
S Nuclear
R Petroleum
Figure 14 Market share of energy consumed (US Energy Source, 2007)
5.3 Business plan
While the material might be the main value adder in a device, it is at the lowest level in
the supply chain, and therefore generally is not where high margins are made. A higher
margin can be made from the packaging as a whole; no player in the industry currently
sells less than a module. Figure 15 shows how to turn innovations from the material level
into applications in the industry.
Conventional Supply
Chain World of Application
BSST
Nextreme
MIT Lincoln Lab
Figure 15 Conventional and new supply chains
The activities of our proposing business include assessing the potential of the client's
industrial site for power generation using TE technology for waste heat recovery,
designing a TE subsystem which can be integrated to the industrial unit, and estimating
the cost. The company should provide and install TE modules, provide the network
including the controlling system. The company would also take care of the maintenance.
But it is not necessary to run a plant for TE modules processing, because of the high
construction cost, the best choice should be to partner with a manufacturing company
(listed in Appendix A) which can provide the TE modules. Because of different
requirements of customer sites, licenses for patents on TE device configurations might be
needed during the designing of different subsystems. The most crucial factor would be
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hiring talented people able to do site assessment, system design, integration and failure
analysis.
The market share assumptions are shown in Table 3 and 4, possibilities of low (0.1%),
medium (0.2%) and high (0.5%) market demand are considered here. A certain period of
time is often required to complete all the preparations such as company registration,
recruiting, data collecting and analysis. If the project were launched in 2010, considering
the difficulties of initial market penetration, a very conservative forecast is made here.
TOTAL MARKET (/YR) = 3,670
Year Market Share Market Total Units
Scenario Growth Rate Share Projected/yr
LOW 2010 N/A 0.1% 4
2011 1% 0.1% 4
2012 1% 0.1% 4
2013 1% 0.1% 4
2014 1% 0.1% 4
TOTAL 19
MEDIUM 2010 N/A 0.2% 7
2011 5% 0.2% 8
2012 5% 0.2% 8
2013 5% 0.2% 8
2014 5% 0.2% 9
TOTAL 41
HIGH 2010 N/A 0.5% 18
2011 10% 0.6% 20
2012 10% 0.6% 22
2013 10% 0.7% 24
2014 10% 0.7% 27
TOTAL 112
Table 3 Market demand in low, medium and high scenarios for phase 1
PHASE I: 2010-2014
PHASE II: 2015-2019
TOTAL MARKET (/YR) = 3,670
Low Demand, Medium Demand, High Demand,
I1st Period 1 st Period 1 st Period
Market Total Total Total
Year Share Market Units Market Units Market Units
Growth Projected Projected Projected
Scenario Rate Share /yr Share /yr Share /yr
LOW 2015 1% 0.1% 4 0.2% 9 0.7% 27
2016 1% 0.1% 4 0.2% 9 0.7% 27
2017 1% 0.1% 4 0.3% 9 0.8% 28
2018 1% 0.1% 4 0.3% 9 0.8% 28
2019 1% 0.1% 4 0.3% 9 0.8% 28
TOTAL 20 46 138
MEDIUM 2015 5% 0.1% 4 0.3% 9 0.8% 28
2016 5% 0.1% 4 0.3% 10 0.8% 30
2017 5% 0.1% 4 0.3% 10 0.8% 31
2018 5% 0.1% 5 0.3% 11 0.9% 33
2019 5% 0.1% 5 0.3% 11 0.9% 34
TOTAL 22 52 156
HIGH 2015 10% 0.1% 4 0.3% 10 0.8% 30
2016 10% 0.1% 5 0.3% 11 0.9% 33
2017 10% 0.1% 5 0.3% 12 1.0% 36
2018 10% 0.2% 6 0.4% 13 1.1% 39
2019 10% 0.2% 6 0.4% 14 1.2% 43
TOTAL 26 60 180
Table 4 Market demand in low, medium and high scenarios for phase 2
Between the charges of 15 million and 25 million U. S. dollars for the TE power
generation system installation, we assume the probabilities of getting different market
shares as in Table 5 and 6.
Prob. P1 Prob. P2
low 30.00% 70.00%
medium 50.00% 20.00%
high 20.00% 10.00%
Table 5 The probabilities for low, medium and high growth in the first period
(Growth) period 1 low low medium medium high high
period 2 Prob. P1 Prob. P2 Prob. P1 Prob. P2 Prob. P1 Prob. P2
low 50.00% 80.00% 10.00% 40.00% 10.00% 25.00%
medium 30.00% 15.00% 50.00% 40.00% 30.00% 40.00%
high 20.00% 5.00% 40.00% 20.00% 60.00% 35.00%
Table 6 The probabilities for low, medium and high growth in the second period
By running the cost model, the result of our business profit will be maximized at a price
of US$25 million per TE power generation system; the expected value will be US$603
million for this TE energy generation technology in the following 10 years.
With the high NPV of the project, increasing energy cost, and other concerns about
environment, it is highly possible to persuade the plant manager or owner to adopt our TE
generation system. In the worst case of facing risk adverse customers, we could choose to
start the corporation by providing free installation and got paid by a certain percentage of
the revenue generated by the TE system in the subsequent years.
Although the technology we proposed successfully works at high temperature in air with
excellent durability in the laboratory environment, real industry data and experiments are
needed to prove the system compatibility. It should be understood that it often takes years
for a technology to be implemented commercially, even technology that has shown
excellent performance in the research lab. It is a great opportunity to invest in the present
perception gap, but it may take another one to two additional years to prepare for a
successful product launch. Within this time, the investors should set up the company,
look for partners and build up customer relationships and confidence. It is also critical to
actively collect data from actual industry sites, attempt to implement the technology at
smaller scale trial sites, and monitor the operating results. At the same time, it is
necessary to focus future engineering and scientific efforts on: developing high ZT
materials; high temperature, high thermal conductivity heat transfer materials for surface
and interface heat exchangers; high temperature, corrosion resistant, and chemically
stable coating materials to withstand the potentially corrosive and fouling environments
encountered in industrial process exhaust gases.
Chapter 6 Conclusion
Thermoelectric technologies have many of advantages and have been successfully
applied in many fields. Recent improvements in materials performance have theoretically
shown us the possibility of applying this technology in large scale power generation. By
our analysis, the main technical hurdles have been overcome, and a new supply chain can
be formed. The engineering analysis identified large scale waste heat recovery
opportunities that are suitable for advanced TE power generation systems. More work
needs to be done before the business can be successfully started. Preparations include
establishing systems compatibility and customer confidence have to be completed before
launching this product, so an additional one to two years may be needed for this
technology to become commercialized. Further, the search for improved high
performance materials must be ongoing, especially for interface and coating materials.
We can foresee that TE applications are likely to contribute much in the future energy
field.
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Appendix A TE Device Manufacturers
Marlow Industries
Dallas, TX214-340-4900, FAX 214-341-5212 (7/05)
Manufactures single & multi stage thermoelectric modules
htjtpj:•_w1 .marlow.com
D.T.S.
Halle, Germany+49 (0) 345 52 44 292 (3/04)
Manufactures low power (10-40uW) thin film thermoelectric power generators
Global Thermoelectric
Calgary, Alberta, Canada 403-236-5556, FAX 403-236-5575 (3/04)
Manufactures Lead Tin-Telluride thermoelectric power generators
ihttp:/-/wvww.globalte.com
Hi-Z Technology
San Diego, CA858-695-6660, FAX 858-695-8870 (3/04)
Manufactures thermoelectric power generator modules
lhttp://_•.ww.hi-z. com
Hui Mau Cooling Equipment
Bejing, P.R.China 0086 13501215859, FAX 0086-10-68189379, 60275767 (3/04)
Manufactures power generating and cooling modules
http://wwswv.huijmao. coin
Legelab
Laerbro, Sweden +46 498 243723, FAX +46 498 243723 (8/04)
Thermoelectric power generators
ADV-Engineering
Moscow, Russia 7-095-239 9153, FAX 7-095-239 9153 (4/05)
Manufactures bismuth telluride ingots, wafers, pellets,
Peltier modules & thermoelectric cooling & generator devices
htto://~wvww.adv-eniineerint.comn
Taihuaxing Trading/Thermonamic Electronics
Xiamen, P.R. of China +86-592-5714012, FAX +86-592-5714010 (3/04)
Manufacturer of thermoelectric cooling and power generating modules
http://wH.w.sitechina.com/thermoelectric/home.html
Teledyne Brown Engineering
Hunt Valley, MD410-771-8600, FAX 410-771-8618 (3/04)
BiTe based generator manufacturer
http:/ i/www.teledveneenergy systems. com
Fujitaka, Nagaokakyo-shi
Kyoto, Japan+81 75 955 9900, FAX +81 75 954 6122 (7/05)
Peltier module & assemblies manufacturerhttp .•Q, i..t.ka.co_/..n_! el..e_.e lish.in_de. htmni-
Hebei IT Shanghai
Shanghai, China +86-21-58526062, FAX +86-21-58523251 (3/05)
Peltier module manufacturer
http:i//www.hebeiltd.com .cnn/"?p=peltier.module
Infineon Technologies AG
Munich, Germany+49 89 234 85481 (7/05)
Thin film peltier module manufacturer
kltp:m/wmn micropetcom
Osterm
Saint Petersburg, Russia 7-812-312-5732, FAX 7-812-571-5239 (7/05)
Manufactures thermoelectric modules
htip.://•w• ostern.. .
Komatsu Electronics
Japan 81-463-22-8724, FAX 81-463-22-3692 (4/05)
Manufactures Bismuth Telluride thermoelectric modules, controllers, cold & hot plates,
isothermal baths, gas dehumidifiers
http;i!ww.w.komatsu-electronics.cojp/entglilsh
Kryotherm
Saint Petersburg, Russia +7 812 394 1310, FAX +7 812 394 1267 (7/05)
Manufactures single & multistage Peltier modules, TE generators, Temperature range:
-150C - +2000C
http//www kivothrmh ru
Supercool AB
Goteborg, Sweden +46 31-42 05 30, FAX +46 31-24 79 09 (3/04)
Markets TE modules. Manufactures thermoelectric assemblies, systems & temperature
controllers
_iL;inww,~!._ _ suggie__rcool_•_
Ferrotec (USA)
Nashua, NH603-883-9800, FAX 603-883-2308 (4/05)
Manufactures thermoelectric modules
Single & multi stage units, silicone edge seal available
Operating temperatures as high as 200C
http://www.ferrotec.com
HiTech Technologies
Yardley, PA 800-755-4507, 215-321-6012, FAX 215-321-6067 (4/05)
Manufactures Bismuth Telluride thermoelectric modules
Temperature ranges from -150 °C to +200 C
http://www.hitechtec.co
RIF Corporation
Voronezh, Russia+7-0732-316451, FAX +7-0732-704734 (7/05)
Peltier/Seebeck product manufacturer (modules and solutions)
httpti"/lwwwi.rif .vn.rulproduct. en/i index.html
S&PF "Modul"
Kiev, Ukraine +380 44 419 9030, FAX +380 44 464 7051 (7/05)
Manufacturer of thermoelectric modules and thermoelectric semiconductor materials
http_://•lw•v'v.ukrainetrade.com/modul
TE Technology
Traverse City, MI
231-929-3966, FAX 231-929-4163 (7/05)
Manufactures thermoelectric cooler modules, assemblies, temperature controllers, TE
module test systems
http://www.tetech.coni
Seiko Instruments
Torrance, CA310-517-8113, FAX 310-517-7792 (7/05)
Manufacturer of ultra-small Peltier element devices in either Sn-Sb or Sn-Cu material
http-/wwww.sifiber._com
Taihuaxing Trading/Thermonamic Electronics
Xiamen P.R. China +86-592-5714012, FAX +86-592-5714010 (7/05)
Manufacturer of thermoelectric cooling & power generating modules
http://•wvw.sitechina.com/thermoelectric/home.html
Tellurex
Traverse City, MI 231-947-0110, FAX 231-947-5821 (7/05)
Manufactures thermoelectric heating/cooling modules
ht..p;//www.tellurex.com
